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from each patient was incubated with a standardized quantity of peroxidase instead of the individual particulate fraction,
the amount of iodine bound to thyroglobulin was the same among the three groups of patients. Finally, when bovine
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ABSTRACT Thyroid tissue obtained from 12 pa-
tients with Graves’ disease and treated with thionamide
drugs for 3-7 mo before subtotal thyroidectomy, from
12 patients with Graves’ disease, similarly treated,
and given 50 ug of triiodothyronine (T;) for 10 days
before surgery, and from 12 euthyroid patients with
solitary cold nodules was investigated to compare in
vitro iodination of thyroglobulin in toxic diffuse goiter
and in normal thyroid tissue. The supernates of the
homogenates (105,000 g) were subjected to sucrose
density gradient centrifugation (5-28%) to separate
the thyroglobulin fraction. The precipitates were
treated with 1% digitonin and centrifuged to collect
the supemate (particulate fraction). When thyro-
globulin and particulate fractions obtained from the
same patient were incubated with 2°1-, iodide, glucose,
and glucose oxidase, the amount of iodine bound to
thyroglobulin was several times greater in toxic dif-
fuse goiter than in normal thyroid tissue; administra-
tion of T; did not affect iodination in toxic diffuse
goiter. When the thyroglobulin fraction from each pa-
tient was incubated with a standardized quantity of
peroxidase instead of the individual particulate frac-
tion, the amount of iodine bound to thyroglobulin
was the same among the three groups of patients.
Finally, when bovine serum albumin was substituted
for thyroglobulin from each of the patients, iodination
of bovine serum albumin was several times greater
with the particulate fraction obtained from toxic dif-
fuse goiter tissue than with that obtained from normal
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tissue. The guaiacol-oxidizing activity of the particulate
fraction was found to be parallel to the iodination ac-
tivity. These results suggest that in vitro iodination of
thyroglobulin is increased in toxic diffuse goiter even
when patients are made euthyroid by treatment with
thionamide drugs as well as when they are given addi-
tional T; for 10 days before operation. The increase in
iodination of thyroglobulin appears to be due to an
increase in peroxidase activity in the particulate frac-
tion.

INTRODUCTION

The pathogenesis of Graves’ disease is still not clear
in spite of the extensive efforts of numerous investiga-
tors. The etiology may be an extrathyroidal stimulator
or the basic defect may be intrathyroidal. Regardless
of the primary etiology, it is of interest to elucidate
some of the essential changes within the thyroid
which may relate to the possible mechanism of in-
creased thyroid hormone synthesis in Graves’ disease.
The present experiments were undertaken to observe
in vitro iodination of thyroglobulin using various intra-
thyroidal components obtained from thyroid tissue
of patients with Graves’ disease, and compared with
tissue obtained from euthyroid patients with soli-
tary cold nodules.

METHODS

Thyroid tissue was obtained from (a) 12 patients with
Graves’ disease who had been treated with thionamide drugs
for 3—-7 mo before subtotal thyroidectomy, (b) 12 patients
with Graves’ disease similarly treated and given 50 ug
of triiodothyronine (T3)! for 10 days before the operation,
and (c¢) 12 patients with solitary nonfunctioning adenoma
or carcinoma. Graves’ disease was diagnosed from the clini-
cal features of thyrotoxicosis and the laboratory tests; serum

! Abbreviations used in this paper: Ts, tr‘iiodothyronine;
T,, thyroxine; TSH, thyrotropin.
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thyroxine (T,) > 14.5 ug/100 ml, T; resin uptake > 35%,
serum T3 > 1.8 ng/ml. All patients studied were euthyroid
before surgery and none were given preoperative iodine
treatment. Serum concentrations of T, T;, and basal thyrot-
ropin (TSH) were within normal limits in all patients at
the time of operation or immediately before T; adminis-
tration.

General procedure

Thyroid tissue obtained during surgery was quickly frozen
and 500-mg aliquots were homogenized in 2.5 ml of cold
saline in glass homogenizers at 1,000 rpm for 1 min. The
homogenization was interrupted every 15s to permit chill-
ing of the homogenate for 10 s in ice water.

After 0.1 ml of the homogenate had been removed for
DNA determinations, the homogenates were transferred to
glass tubes and then centrifuged at 600 g for 10 min. 1-ml
aliquots of the supernates were transferred to polycarbonate
tubes and diluted with 1 ml of saline, and additional 1-ml
aliquots were transferred to cellulose nitrate tubes and
diluted to 13.5 ml with saline. Ultracentrifugation of both
dilutions was carried out for 30 min in a Beckman model
L2-65B centrifuge with type 40 rotor (Beckman Instruments,
Inc., Fullerton, Calif.), at a centrifugal force of 105,000 g.
The supernates of the former dilution were then frozen
and stored for future isolation of thyroglobulin while the
pellets were used for solubilizing peroxidase. The super-
nates of the latter dilution were discarded and the pellets
were stored frozen for the determination of peroxidase
activity by guaiacol-oxidizing activity.

Purification of thyroglobulin

Purification of thyroglobulin was carried out by sucrose
density gradient centrifugation (1, 2). 0.3 ml of the 105,000 g
supernate was layered carefully on top of the sucrose gradient
(5-28% in 0.05M sodium phosphate buffer, pH 7.4) in a
5-ml Spinco tube (Beckman Instruments, Spinco Div., Palo
Alto, Calif.), and centrifuged in the SW 50L rotor at 35,000
rpm for 15-16 h in a Beckman model L2-65B centrifuge.
After centrifugation, the bottom of the centrifuge tube was
punctured and consecutive 10-drop fractions were col-
lected. After appropriate dilution, the total protein content
of each fraction was determined by the method of Lowry
et al. (3). Fractions equivalent to 19S (determined using
1]-labeled rat thyroglobulin) were pooled and diluted
with phosphate buffer to a concentration of 1 nmol/0.2 ml.
These fractions were used as the thyroglobulin fraction.

Solubilization of thyroid peroxidase

Solubilization of thyroid peroxidase was carried out by
treatment with 1% digitonin (4, 5). The 105,000g pellets
were suspended with 0.8 ml of 0.05M phosphate buffer,
pH 7.0, containing 1% digitonin and were incubated for
30 min in ice water before centrifugation at 105,000 g
in polycarbonate tubes. The supernate of digitonin-treated
pellets (which contains most of the peroxidase activity in
thyroid tissue [6]) was used without further purification.

In vitro iodination of thyroglobulin

In vitro iodination of thyroglobulin was carried out by a
method similar to that described by Taurog (7). The com-
plete system for in vitro iodination of thyroglobulin con-
sisted of the peroxidase fraction obtained from 50 mg of
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tissue, 1.0 nmol of thyroglobulin obtained from each pa-
tient, 10 nmol of Nal, 0.05 uCi of Na'®I, 1.0 mg, of glu-
cose, and 0.83 ug of glucose oxidase (G-6125, purified type
11, 14,650 U/g solid, Sigma Chemical Co., St. Louis, Mo.)
in a total volume of 1.0 ml of 0.05 M phosphate bufter, pH
7.0. Incubation was for 1 h at 37°C. At the end of incuba-
tion, 0.1 ml of 0.1 M methimazole was added to stop the
reaction, and the separation of protein-bound and inorganic
125] was carried out by paper chromatography in a butanol-
ethanol-0.5 M ammonia system (5:1:2). Since thyroglobulin
was purified by sucrose density gradient centrifugation,
the thyroglobulin fraction contained high concentrations
of sucrose. However, iodination of bovine serum albumin
with lactoperoxidase was not affected by 0.25M sucrose
(unpublished data).

Assays of peroxidase activity

Iodinating activity. Activity of the peroxidase fraction
was determined by the method used for in vitro iodination
of thyroglobulin, except that 660 ug of bovine serum albumin
was substituted for thyroglobulin as a standard protein to
act as an iodine acceptor.

Guaiacol-oxidizing activity. The rate of oxidation
of guaiacol was followed spectrophotometrically on a
Beckman DB-G spectrophotometer at 470 nm (5, 6). The
105,000 g pellet was suspended in 0.8 ml of 0.2 M phos-
phate buffer, pH 7.4, and 0.2 ml of the suspension, 1.0
ml of 0.1 M guaiacol, and 1.6 ml of phosphate buffer were
mixed in a cuvette with a 1.0-cm light path, and the
absorbance at 470 nm was set at zero. The reaction was
begun with the addition of 10 ul of 88 mM H,0,, and
the change in absorbance was recorded. The assay
was performed at room temperature.

As had been reported previously (6), the dose response
curve of peroxidase is not linear and it is necessary to ex-
press peroxidase activity in terms of an equivalent amount
of standard enzyme. The standard enzyme employed for
the guaiacol assay was horse radish peroxidase (15,302,
grade II, 100 U/mg, Boehringer Mannheim Corp., New
York) and lactoperoxidase (L-8,503, 43 purpurogallin U/mg
solid, Sigma Chemical Co.) for the iodinating activity
assay.

Determination of DNA content in thyroid
homogenates

The colorimetric estimation of DNA was carried out ac-
cording to the method described by Burton (8). 0.1 ml
of the homogenate was mixed with 4 ml of 0.5N HCIO,
and centrifuged at 4°C after chilling for 30 min. The
supernate was discarded and the precipitate was washed
with 4 ml of HClO,. The precipitate was broken up with
a glass rod and stirred with 3 ml of 0.5N HCI1O,, and
the suspension was heated at 70°C for 15 min with occa-
sional stirring. After cooling at room temperature, the
suspension was centrifuged for 30 min and 1 ml of the
supernate was mixed with 2 ml of diphenylamine reagent
containing acetaldehyde. Diphenylamine reagent was
prepared by dissolving 1.5 g of diphenylamine (Koso Chemi-
cal Co. Ltd., Tokyo, Japan) in 100 ml of acetic acid and
adding 1.5 ml of concentrated. H,SO,. On the day it is
to be used, 0.1 ml of 16 mg/ml aqueous acetaldehyde
was added for each 20 ml of reagent required. Tubes con-
taining known amounts of standard DNA (highly polym-
erized calf thymus DNA, Sigma Chemical Co.) and a
blank containing 0.5N HCIO, with no DNA were also
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TABLE 1
Iodinating Activity of Thyroid Tissue in Toxic Diffuse Goiter

Thyroid lodinating$
tissue* Patient Sex Age activity Serum T,§ Serum TSH§ Serum T, Treatment
T ug/100 ml uU/iml ng/ml mg/day"
Normal 1 F 51 9.0 7.2 2 1.1
2 F 25 9.0 9.5 3 0.9
3 F 20 8.9 11.2 2 14
4 F 40 8.2 114 ND 14
5 F 40 8.2 10.7 ND 1.4
6 F 30 8.1 7.5 ND 0.9
7 M 42 8.0 10.3 ND 1.3
8 F 31 7.9 9.7 2 1.1
9 F 30 7.0 10.0 ND 1.0
10 F 27 6.1 5.9 2 1.1
11 F 25 5.8 8.0 3 1.2
12 F 26 5.8 11.3 3 1.3
Mean 7.7 9.4 — 1.2
+ SE 0.3 0.5 — 0.05
Graves’ 1 M 22 65.2 5.6 ND 1.2 M 20
2 F 24 51.6 7.8 2 1.1 M 10
3 F 26 48.6 5.6 7 1.0 M 10
4 F 30 477 5.3 8 0.9 M 10
5 M 19 44.3 9.7 6 0.9 M 15
6 M 24 37.6 8.8 ND 1.0 M 10
7 F 20 18.2 6.0 ND 1.1 M 10
8 F 41 9.9 11.2 ND 1.9 M 20
9 F 18 9.0 6.0 ND 1.3 M 30
10 F 23 7.4 7.8 ND 1.5 M 20
Mean (10) 34.0 7.4 — 1.2 —
+ SE (10) 6.6 0.6 —_ 0.1 —
11 F 22 41.3 10.0 ND 1.6 P 45
12 F 33 26.1 8.9 ND 1.0 P 45
Mean (12) 33.9 7.7 — 1.2 —
+ SE (12) 5.6 0.6 — 0.1 —
Graves’ 1 F 28 72.4 9.3 ND 2.8 M 20
+T, 2 F 2l 59.0 6.8 ND 15 M 10
3 F 39 51.9 8.3 ND 2.8 M 5
4 F 19 49.3 6.1 ND 14 M 15
5 F 23 47.2 5.8 ND 2.1 M 10
6 F 22 13.0 10.4 ND 2.8 M 15
7 M 25 11.5 11.5 ND 2.5 M 20
8 F 25 10.9 8.6 ND 2.8 M 20
9 F 30 7.3 11.8 ND 3.5 M 15
10 F 19 6.6 6.3 ND 2.9 M 10
11 F 29 6.4 8.0 ND 2.5 M 15
12 F 23 4.0 5.7 ND 2.7 M 10
Mean 28.3 8.2 — 2.5 —
+ SE 7.3 0.6 — 02 —

* Normal: normal thyroid tissue obtained from patients with solitary cold nodules. Graves’: thyroid
tissue obtained from patients with Graves’ disease treated with thionamide drugs before
subtotal thyroidectomy. Graves’ + Tj: thyroid tissue obtained from patients with Graves’ disease
similarly treated and given 50 ug of T; for 10 days before surgery.

1 Iodinating activity of thyroid tissue using the thyroglobulin and peroxidase fractions obtained
from the same patients. The extent of iodination is expressed as percent of %I bound to thyro-
globulin.

§ Serum concentrations at the time of operation. Normal ranges are T,: 5.3-14.5 ug/100 ml,
TSH: <10 pU, Ts: 0.8-1.8 ng/ml.

' Doses of thionamide drugs at the time of operation. M, methimazole: P, propylthiouracil.
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FIGURE 1 In vitro iodination of thyroglobulin using
the thyroglobulin fraction from each patient and a stand-
ardized quantity of peroxidase extracted from pooled thy-
roid tissue of patients with Graves’ disease. (Normal)
Normal thyroid tissue obtained from patients with solitary
cold nodules. (Graves’) Thyroid tissue obtained from
patients treated with methimazole before subtotal thyroidec-
tomy. (Graves’ + T;) Thyroid tissue obtained from pa-
tients with Graves’ disease similarly treated and given
50 ug of T; for 10 days before surgery. The bars and
lines represent the means+SE. Solid circles represent
values obtained from two patients with Graves’ disease
treated with propylthiouracil.

prepared. The color was developed by incubating at 30°C
for 16 h. The absorbance at 600 nm was measured
against the blank and compared with values obtained
with standard DNA.

RESULTS

In vitro iodination of thyroglobulin using the thyro-
globulin and peroxidase fractions obtained from
the same patients. In Table I are shown the iodinat-
ing activity of thyroid tissue (expressed as percent
of 25T bound to thyroglobulin), serum concentrations
of T,, TSH, and T; at the time of operation, and
the doses of thionamide drugs before surgery in the
three groups of patients. Only 2 of the 24 patients
with Graves’ disease were treated with propyl-
thiouracil and these results are shown separately
in Table I. Values for iodinating activity obtained
from thyroid tissue of patients with Graves’ disease
treated with methimazole were significantly greater
than those from normal thyroid tissue (P < 0.01),
and values in patients treated with propylthiouracil
were very similar to that with methimazole. Values
obtained from tissue of Graves’ disease patients
were the same regardless of whether or not the pa-
tients were treated with T, for 10 days before the
operation (P > 0.05). However, three patients in the
group of Graves’ and four patients in the group of
Graves’ + T; showed normal iodinating activity
when the normal range was defined by the means+2
SD (7.7+2.4) of values obtained from normal thy-
roid tissue.
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Since the thyroglobulin and the peroxidase frac-
tions in this system were obtained from the same
patients, other experiments were carried out to deter-
mine which of the two fractions was responsible for
the increase in iodination of thyroglobulin. In the
following experiments, the results obtained from pa-
tients treated with methimazole are expressed as the
means=*SE, but the results from two patients treated
with propylthiouracil are shown individually.

In vitro iodination of thyroglobulin using the
thyroglobulin fraction from each patient and a
standardized peroxidase. To elucidate whether
the thyroglobulin fraction was responsible for the
increased iodination of thyroglobulin, the system
in this experiment consisted of thyroglobulin from
each patient and a standardized quantity of peroxi-
dase extracted from pooled thyroid tissue of pa-
tients with Graves’ disease. As shown in Fig. 1,
there was no significant difference in iodination
of thyroglobulin among the three groups of patients,
indicating that the thyroglobulin fraction did not play
a major role in increasing iodination in Graves’
disease.

Peroxidase activity by the iodination assay. To
observe the role of the peroxidase fraction, the system
in this experiment consisted of the peroxidase frac-
tion from each patient and bovine serum albumin
which was substituted for thyroglobulin. This sys-
tem was the same as that which was used in the
method to determine peroxidase activity described
by Taurog (7). Values were expressed as peroxidase
activity in terms of an equivalent amount of lacto-
peroxidase. Peroxidase activity in tissue obtained
from patients with Graves’ disease treated with
methimazole was significantly greater than that
found in normal thyroid tissue (P < 0.01 in micro-
grams lactoperoxidase per gram tissue, P < 0.02 in
micrograms lactoperoxidase per milligram DNA).
Values from patients treated with propylthiouracil
were similar to those from methimazole-treated pa-
tients. Administration of T; did not affect the peroxi-
dase activity in Graves’ disease regardless of whether
the activity was expressed as micrograms of lacto-
peroxidase per gram thyroid tissue or per milligram
of DNA (P > 0.05) (Fig. 2). Therefore, the peroxidase
fraction appears to be primarily responsible for in-
creased iodination of thyroglobulin in Graves’
disease.

Peroxidase activity by the guaiacol assay. Peroxi-
dase activity in thyroid tissue was also determined
by guaiacol-oxidizing activity, using horse radish
peroxidase as standard enzyme. Similar to the iodinat-
ing activity, guaiacol-oxidizing activity in tissue ob-
tained from patients with Graves’ disease was sig-
nificantly greater than that observed in normal tissue
and the prior administration of T; did not affect
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FIGURE 2 Peroxidase activity as iodinating activity. Values
are expressed in terms of an equivalent amount of lacto-
peroxidase.

the activity. The difference was significant when
guaiacol-oxidizing activity was expressed as micro-
grams of horse radish peroxidase per gram of tissue
(P <0.01) or per milligram of DNA (P < 0.05)
(Fig. 3).

DISCUSSION

In the present experiments, in vitro iodination of
thyroglobulin using the thyroglobulin and peroxi-
dase fractions obtained from the same patients was
increased in Graves’ disease even when patients
were made euthyroid by treatment with thionamide
drugs and also when an additional 50 ug of T,
was given for 10 days before surgery. These re-
sults agree well with the known increase in thyroid
hormone synthesis in patients with Graves’ disease
and also with our previous finding that thyroidal
BI] uptakes remain elevated even when patients
are made euthyroid by drug therapy (9). The fact
that iodinating activity of thyroid tissue was not
affected by the administration of T; is consistent with
the T; nonsuppressibility known to exist in vivo.
In our experience, patients with Graves’ disease
continue to be nonsuppressible when treated with
thionamide drugs for only 3-7 mo as were the pa-
tients in this study (9). The increase in in vitro
iodination of thyroglobulin is due mainly to an in-
crease in peroxidase activity in the particulate frac-
tion rather than to differences in the ease of iodina-
tion of thyroglobulin. Peroxidase activity should be
decreased in the presence of antithyroid compounds
whose mechanism of action is mainly blocking io-
dine organification. Whereas a direct effect of anti-
thyroid drugs can not be ruled out, the peroxidase
activity was not changed when rats were sacrificed
1h after the injection of propylthiouracil (6), al-
though methimazole may behave differently from pro-
pylthiouracil (10). However, in the present experi-
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ment, the peroxidase activity was increased, not
decreased, in patients with Graves’ disease during
methimazole therapy. If a direct depressant effect
of methimazole was present, it was apparently over-
come by the increase in the peroxidase activity in
patients with Graves’ disease. Only 2 of 24 patients
with Graves’ disease were treated with propylthioura-
cil but values obtained from these patients were
very similar to those with methimazole. Inhibitory
substances present in the undialyzed homogenate
were not examined in the present experiment, al-
though they may play some role in the regulation
of hormone synthesis in thyroid glands of Graves’
disease. It should be noted that other factors, e.g.
an increased rate of production of H,0,, may also be
important in the increased thyroid hormone syn-
thesis of Graves’ disease. However, these factors
could not be measured in these experiments.

Changes in peroxidase activity in various thyroid
diseases have been reported by many investigators
(11-21). In nontoxic nodular goiter, the activity is
decreased in cold nodules and increased or re-
mained the same as normal tissue in warm nodules
(11, 12). In goiters with an iodide organification
defect, peroxidase activity is usually decreased (12—
17), but is normal in Pendred’s syndrome (18, 19).
Nontoxic multinodular goiter has increased peroxi-
dase activity (19, 20) and it has been reported in a
few patients with toxic diffuse goiter that peroxidase
activity per gram tissue is increased much more
than DNA content indicating that the activity per
cell is increased (12, 19, 21). It is very likely that
changes in peroxidase activity relate to some of the
essential changes in hormone synthesis in several
thyroidal disorders.

Although thyroidal peroxidase activity was not
studied specifically regarding its relationships with
T; suppressibility in this study, it was shown in

ug of HRP/g tissue ug of HRP/mg DNA

]

Normal

[]

Normal

Graves' Graves'+ Ty Graves’' Graves'+ Ty

FIGURE 3 Peroxidase activity as guaiacol-oxidizing ac-
tivity. Values are expressed in terms of an equivalent
amount of horseradish peroxidase (HRP).
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intact rats given T; or T,, that peroxidase activity
was markedly decreased (6, 22). The findings in the
present experiment that the administration of T,
does not affect peroxidase activity in Graves’ dis-
ease has not been reported earlier and is emphasized
because T; nonsuppressibility is one of the most
important characteristics of Graves’ disease and
may be closely related to peroxidase activity as
alluded to previously. Some patients in a group of
24, after 3-7 mo on antithyroid drugs, showed
normal iodinating activity. It is very likely that they
had already been in remission before surgery. How-
ever, since T suppressibility was not determined in
each patient, and peroxidase activity of normal tis-
sue after T3 suppression was not determined, it is
not clear whether they were in remission or not in
remission.

The administration of TSH stimulates thyroidal
peroxidase activity in rats (6, 22, 23); however, the
increase in peroxidase activity in thyroids of pa-
tients with Graves’ disease is not due to an increase
in serum TSH since TSH, T, and T; levels in
the patients reported in this study were within the
normal ranges and serum TSH concentrations were
not detectable after the administration of Tj.

In the present experiment, the formation of intra-
thyroidal iodothyronine was not measured, although
thyroidal peroxidase stimulates not only the iodina-
tion of thyroglobulin, but also the formation of T,
(7, 24, 25). The localization of peroxidase in thy-
roid cells is important in relation to its function
(26-28), but only values for total peroxidase ac-
tivity in thyroid tissue were determined in the pres-
ent study. It was reported that a small percentage of
the total peroxidase activity was found in a fraction
sedimenting at 600-1,000 g (5, 6, 14, 15), but the 600-g
pellet was discarded in this experiment. Further-
more, iodination of thyroglobulin was studied in
vitro without turnover of substrates. Despite these
points, it can be concluded that the increase in
peroxidase activity is one of the essential changes
within the thyroid which relates to the possible
mechanism of increased thyroid hormone syn-
thesis in Graves’ disease. Evidence is currently
available to suggest that an extrathyroidal stimulator
(e.g. LATS [29], LATS-protector [30, 31], human
thyroid stimulator [32], thyroid-stimulating immuno-
globulins [33]) is indeed present in circulation of
patients with Graves’ disease. The extrathyroidal
stimulator could cause increased peroxidase ac-
tivity observed in this study. Other studies to detect
an intrathyroidal defect in Graves’ disease have
failed to find the differences between thyroid
tissue of normal controls and patients with Graves’
disease, e.g. TSH stimulation of 3P incorporation into
phospholipids (34), basal adenyl cyclase, cyclic
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AMP concentrations, [1-'*C]glucose oxidation, 32P
incorporation or TSH-increased adenyl cyclase ac-
tivity, and 3*P incorporation (35), intracellular binding
characteristics of cyclic AMP (36). However, it remains
to be clarified whether the increase in peroxidase
activity is due to an extrathyroidal stimulator or due
to an intrathyroidal defect.
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